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Discovering materials that display a linear magnetoelectric effect at room temperature is chal-
lenge. Such materials could facilitate novel devices based on the electric-field control of magnetism.
Here we present simple, chemically intuitive design rules to identify a new class of bulk magneto-
electric materials based on the ‘bicolor’ layering of Pnma ferrite perovskites, e.g., LaFeO3/ LnFeO3
superlattices for which Ln = lanthanide cation. We use first-principles density-functional theory
calculations to confirm these ideas. Additionally, we elucidate the origin of this effect and show it
is a general consequence of the layering of any bicolor, Pnma perovskite superlattice in which the
number of constituent layers are odd (leading to a form of hybrid improper ferroelectricity) and
Goodenough- Kanamori rules. Here, the polar distortions induce both weak ferromagnetism and a
linear magnetoelectric effect. Our calculations suggest that the effect is 2-3 times greater in mag-
nitude than that observed for the prototypical magnetoelectric material, Cr2O3. We use a simple
mean field model to show that the considered materials order magnetically above room temperature.
I. INTRODUCTION
Multiferroics are materials in which ferroelectricity and
magnetism coexist. [1–3] Despite recent intense efforts to
discover new multiferroics, there are surprisingly few ma-
terials that display this property at room temperature.
Furthermore, the primary challenge remains to identify
materials that have a functional coupling between an
electrical polarization and a magnetization at room tem-
perature [4, 5]. Such materials may, for example, fa-
cilitate technologically important devices based on the
electric field control of magnetism [6–11].
One way to design such cross-couplings is to start
with a paraelectric material that is magnetically or-
dered and induce a ferroelectric lattice distortion. [12]
For example, it was shown [13] how a polar distortion
– in an antiferromagnetic–paraelectric (AFM-PE) ma-
terial displaying linear magnetoelectricity – would in-
duce weak-ferromagnetism in the LiNbO3 structure, e.g.,
FeTiO3 [14] or MnSnO3 [15], and subsequently allow
for the electric-field switching of the magnetization by
180◦. Alternatively a ferroelectric distortion in an AFM-
PE material that displays weak-ferromagnetism can in-
duce linear magnetoelectricity [5, 12]. Here, Bousquet
and Spaldin recently realized that the orthorhombic per-
ovskites, space group Pnma, are prime realizations and
proposed epitaxial strain as a route to induce ferroelec-
tricity [16]. They showed from first-principles that under
large strain, Pnma CaMnO3 indeeds becomes ferroelec-
tric. The polar lattice distortions lowers the symmetry
to Pmc21 and a linear magnetoelectric effect is subse-
quently induced.
In the present study, we take an alternate route to
achieve ferroelectrically induced linear magnetoelectric-
ity in Pbnm (space group number 62, in standard setting
which is Pnma) perovskites by taking advantage of a re-
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cent direction [17, 18] whereby the combination of rota-
tions/tilts of the BO6 octahedra and A-site cation order-
ing facilitate ferroelectric order [19–21], without the need
for strain. We consider the rare-earth (La/Ln)Fe2O6 or-
thoferrite superlattices in which the La and Ln cations
(Ln = Ce, Nd, Sm, Gd, Dy, Tm, Lu and Y) are ordered in
layers along the crystallographic c-axis, where respective
supercells have been constructed as
√
2ap ×
√
2ap ×2ap
(here, ap the pseudocubic lattice parameter of Pbnm
LaFeO3). Note that similar results are obtained for
(LaFeO3)n/(LnFeO3)m heterostructures of Pnma mate-
rials when both n and m are odd [22, 23]. The choice
of the orthorferrites was dictated by the fact that bulk
LnFeO3 materials order magnetically above room tem-
perature, with TN as high as ∼ 740 K for LaFeO3 [24–
27].
We show from first-principles that the magnitude of
the linear magnetoelectric (ME) tensor in these het-
erostructures is 2-3 times that of the canonical linear
ME, Cr2O3. [28–32] This work provides a practical route
to create a new class of multiferroic materials that dis-
play a linear magnetoelectric effect at room temperature
whereby octahedral rotations mediate a nontrivial cou-
pling between magnetism and ferroelectricity [18, 20, 33–
35].
II. COMPUTATIONAL DETAILS
First-principles calculations have been carried out
using density functional theory [36] with projector
augmented wave (PAW) potentials [37] and within
LSDA+U [38], as implemented in the Vienna ab ini-
tio simulation package (VASP) [39]. We have consid-
ered PAW potentials for Ln3+ ions where f -states are
treated in the core, eliminating magnetic orderings as-
sociated with the f -state magnetism which occurs at
much lower temperature. For Fe3+ ions, we have in-
cluded the on-site d − d Coulomb interaction parameter
U=6.0 eV, and exchange interaction parameter J=1.0
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2eV. The exchange-correlation part is approximated by
PBEsol functional [40], which improves the structural de-
scriptions over standard LDA or GGA [41]. The conver-
gence in total energy and Hellman-Feynman force were
set as 0.1 µeV and 0.1meV/A˚, respectively. All calcula-
tions have been performed with a 500 eV energy cutoff
and with a Γ-centered 6 × 6 × 4 k- point mesh. conver-
gence has been tested with higher energy cutoff, k-mesh
and found to be in agreement with the present settings.
Non-collinear magnetization calculations were performed
with L-S coupling [42], whereas total polarization was
calculated with the Berry phase method [43] as imple-
mented in VASP.
III. POLARIZATION, MAGNETIZATION AND
SWITCHING
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FIG. 1. The ‘orthorhombic’ ABO3 perovskite, space group
Pbnm. The structure, Glazer pattern a−a−c+, is described
by three symmetrize basis modes of cubic Pm3¯m: (a) QRot,
in-phase rotation of BO6 octahedra about [001] (irrep. M
+
3 ),
(b) QTilt, tilt of BO6 octahedra about [110] with A-site dis-
placement (irrep. R+4 ), (c) QAFE anti-ferroelectric A-site dis-
placement (irrep. X+5 ). (d) The group-subgroup relation from
high-symmetric Pm3¯m to low-symmetric Pbnm. (e) Two di-
mensional energy surface contour of LaFeO3 with respect to
the primary QRot (a
0a0c+) and QTilt (a
−a−c0) distortions.
The space group symmetry of the orthorhombic Pbnm
structure adopted by most perovskites [44, 45] is es-
tablished by two symmetry-lowering structural distor-
tions of the cubic Pm3¯m perovskite structure: an in-
phase rotation of the BO6 octahedra about the cubic
[001] axis (transforming like the irreducible representa-
tion M+3 ) QRot and an out-of-phase tilt of the BO6 oc-
tahedra about the cubic [110] axis (transforming like the
irreducible representation R+4 ), QTilt, as shown in Fig-
ure 1a and Figure 1b, respectively. Together these two
distortions produce the Glazer rotation pattern a−a−c+.
Other kinds of structural distortions are also allowed by
symmetry in the Pbnm structure. In particular, recent
work has shown that anti-polar displacements of the A-
site cations − as shown in Figure 1c, the displacements
are equal in magnitude but in opposite directions in ad-
jacent AO planes – play a crucial role in stabilizing the
structures of Pbnm perovskites [46, 47]. These anti-polar
displacements (transforming like the irrep X+5 ) are cou-
pled to the two rotation distortions, i.e., there is a tri-
linear term in the free energies of cubic Pm3¯m perovskites
that couples all three distortions [48], F = QAFE QTilt
QRot, where QAFE, QTilt, and QRot are the amplitudes
of the anti-polar distortion, tilt and rotation distortions
respectively. Hence, reversing the sense of either QTilt
or QRot will therefore reverse the direction of the anti-
polar displacements, QAFE. Pbnm orthoferrites, the Fe
spins typically order in a G-type antiferromagnetic order-
ing pattern with weak ferromagnetism (wFM) along the
Pbnm orthorhombic c-axis. This wFM is in fact induced
by the QTilt distortion in Pbnm and hence the sense of
this particular rotation and the direction of the canted
magnetic moment are naturally coupled in a non-trivial
way. These ideas are summarized in Figures 1d and e.
The Pbnm perovskites are thus a system in which
octahedral rotations mediate a non-trivial coupling be-
tween antiferroelectricity and magnetism. The recently
developed theory of hybrid improper ferroelectricity has
shown how antiferroelectricity in Pbnm perovskites can
give rise to ferri-electricity in perovskite hetereostruc-
tures, [21] such as (A/A’)B2O6 double perovskites, Fig-
ure 2a. A simple picture [20] that elucidates the mecha-
nism is the following: the two rotation distortions, QRot
and QTilt, break inversion symmetry at the A-site of the
cubic Pm3¯m structure whereas the A/A’ cation order-
ing breaks B-site inversion symmetry, such that the A-
site displacements depicted in Figure 1c are no longer
equal and opposite but instead give rise to a macro-
scopic polarization, as shown in Figures 2b (in other
words, this A-site displacement mode becomes a zone-
center polar mode in the cation ordered unit cell, which
has P4/mmm symmetry in the absence of any rotations,
Figure 2a). The key is that since the (now polar) A-site
displacements are coupled to the rotations as described
above, switching the direction of the polarization, QP ,
will switch the sense of one of the rotations. If it is QTilt
that switches, then the direction of the canted moment
will also switch, resulting in electric field control of the
magnetization. These facts are summarized in Figure 2c
and d (it is highly instructive to compare Figures 1d and
2c.)
We have used first-principles total energy calculations
to consider the complete manifold of possible lower sym-
metry structures for this class of compounds and have
identified the structure shown in Figure 2b as the low-
est in energy. This structure has polar Pb21m space
group symmetry and displays both ferroelectricity (with
3a polarization along the orthorhombic y axis, Py) and
weak ferromagnetism (with a net magnetization along
the z-axis, Mz). The resultant magnetic configuration
has magnetic point group m′m2′ and consists of G-type
AFM ordering with the easy axis along x, A-type AFM
ordering along the y-axis and a FM canting of spins along
the z-axis (Gx, Fz) [25–27, 49–52].
Since, the origin of the polarization in our
(La/Ln)Fe2O6 materials is a non-cancelation of the LaO
and LnO layer polarizations. A simple way to increase
this non-cancellation and hence the polarization is to
choose a Ln cation whose tendency to off-center from
the ideal perovskite A-site differs greatly from that of
La. This is accomplished by choosing a Ln cation that
is much smaller than La. In Figure 2e, we show that
the magnitude of Py monotonically increases as the Ln
cation becomes smaller, from 2.2 µC/cm2 for Ln=Ce to
11.6 µC/cm2 for Ln=Lu. Said another way, as the av-
erage tolerance factor τavg decreases, the polarization in-
creases (note, τABO3 = (rA + rO)/
√
2(rB + rO), where
rA, rB and rO, are ionic radii of A, B and O atoms re-
spectively). As discussed by Mulder et al. [21], such a
simple behavior is only true when one of the two A-site
cations is the same for all compounds. Additionally, Mz
is roughly 0.07 µB/f.u. for all compounds (there is a small
increase in Mz as τavg decreases, 0.065-0.070µB/f.u, but
is too small to be significant).
The direction of the polarization can in principle be
switched 180◦ between symmetry equivalent states with
the application of an electric-field. In this process the
sense of either QRot or Qtilt will switch. The question
as to which distortion would actually switch is a chal-
lenging, dynamical problem, one for which today we still
don’t have a satisfactory answer (please see Ref. [35] for
a nice discussion) and beyond the scope of this paper.
We know, however, that switching does depend in some
way on the energy barriers between the energy minima
displayed in Figure 2d. Understanding how to control
any of the energy barriers is useful information, even if
the precise path is not known. Within this limited sense
let us briefly discuss the naive switching paths.
We found that the barrier height along QRot, ∆ERot=
EPb21m - EPbmm, is about three times smaller than the
barrier height along QTilt, ∆ETilt= EPb21m - EP4/mbm
for all the compounds we considered. From this we con-
clude that it is more likely that QRot would switch when
the polarization switches. Since Mz switches only if QTilt
switches, the (La/Ln)Fe2O6 systems do not appear to
be likely candidates to pursue the electric-field switch-
ing of the magnetization. Furthermore, examination of
Figure 2e shows that the ideal energy barrier to switch
the polarization, ∆EP ≡ ∆ERot, increases dramatically
as τavg decreases, as expected from the design rules of
Ref. [21]. In fact, it is not likely that the polarization
in the majority of these materials could ever be switched
under realistic electric field strengths, other than perhaps
(La/Ce)Fe2O6, which has the lowest switching barrier (63
meV/f.u. along the a0a0c+ rotation path).
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FIG. 2. Structural and ferroelectric properties of
(La/Ln)Fe2O6 superlattices. (a) (La/Y)Fe2O6 superlattice
in high-symmetry P4/mmm structure, (b) lowest energy
Pb21m structure with rotation and tilt of FeO6 octahedra,
(c) Group-subgroup relation from P4/mmm to other lower
energy structures, (d) Two dimensional energy surface con-
tours for (La/Y)Fe2O6 superlattice with respect to the pri-
mary QRot (a
0a0c+, irrep. M+2 ) and QTilt (a
−a−c0, irrep.
M−5 ) distortions. In contour, Black dots represents the the
possible minimum structures, each corresponding to different
sense of FeO6 octahedra rotations, Green triangles (down)
indicate to the P4/mbm structures where QTilt is zero and
Orange triangles (up) indicate to the Pbmm structure where
QRot is zero. Variation of (e) Polarization P and (f) Switch-
ing barriers along Rotation (∆ERot) with respect to (1-τavg)
and (1-τavg)
2, respectively.
4IV. LINEAR MAGNETOELECTRIC COUPLING
The structural distortions associated with the sponta-
neous polarization, however, induce by design a linear
magnetoelectric effect (which does not require switching
of either the polarization or the magnetization),
∆Mi = ΣαijEj (1)
∆Pi = ΣαijHj , (2)
where ∆Mi (∆Pi) is the induced magnetization (polar-
ization) along the ith direction due to an electric (mag-
netic) field applied along the j th direction. The magnetic
point group of all (La/Ln)Fe2O6 compounds is m
′m2′,
therefore, the only non-zero components of the linear ME
tensor are,
α =
0 0 00 0 αyz
0 αzy 0
 (3)
where αyz 6= αzy (the ME process associated with these
components are schematically shown in Figure 3(a)).
The design strategy guarantees the existence of α, but
what is its magnitude? Here, we used the method de-
scribed in Ref. [28] to calculate the lattice contribution
of α (although the linear ME response can have both
lattice and electronic contributions, [12, 28] the method
of Ref. [28] should give a reasonable order of magnitude
estimate).
A brief description of this method is the following: con-
sidering only the lattice contribution to the energy, the
energy of the Pbnm crystal (U) under an applied electric
field (E) can be given by,
U(qn,E) = U0 +
1
2
∑
n
Cnq
2
n −
∑
n
qnpn ·E (4)
where, qn, Cn, and pn are the amplitude, force constant,
and dielectric polarity of the nth infrared (IR) active force
constant eigenvector, qˆn, respectively. The dielectric po-
larity pn of the n
th-IR active mode can be calculated as,
pn = ∂Pn/∂qn, where P is the polarization (note that
the force constants and dielectric polarity are routinely
calculated from first principles. [28, 53]) Therefore, for a
given electric field it is straightforward to calculate the
induced atomic displacements associated with each force
constant eigenvector, qn = qnqˆn, where qn =
1
Cn
pn · E.
Subsequently, the linear ME tensor,
αij = ∂Mi/∂Ej , (5)
can be calculated by freezing in the total induced atomic
displacements, u =
∑
n qnqˆn, then recalculating the net
magnetization.
As an example let us discuss the calculation of the lin-
ear ME response for (La/Y)Fe2O6 (P
s
y=9.0 µC/cm
2 and
Px=Pz=0; M
s
z = 0.13 µB and Mx=My=0). It is useful
to keep in mind that in Pb21m the IR modes transform
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FIG. 3. Linear Magnetoelectric response of (La/Y)Fe2O6 su-
perlattice. (a) Superlattice with La/Y cation ordering along
z-direction which is the crystallographic c-axis. The spon-
taneous HIF polarization is along y-direction and net mag-
netization M in the system along z-direction(Psy, M
s
z). The
ME tensor has two non-zero components. First, αyz, change
in polarization along z-direction (∆Pz) changes the magne-
tization along y-direction (∆My) and second αzy, change in
polarization along y-direction (∆Py) changes the magnetiza-
tion along z-direction (∆Mz), (b) Change in magnetization
(with respect to the saturation magnetization) subject to the
variation of electric field (E). Linear magnetoelectric compo-
nents αzy and αyz are obtained form the slope of Mz vs. Ey
and My vs. Ez curve, respectively. The magnitude of αzy and
αyz are given in Gaussian units (g.u.).
as irreducible representations Γ1, Γ3, or Γ4, each leading
to a polarization along the y, z, and x directions, respec-
tively. By symmetry, the Γ4 modes do not mediate a ME
effect. This corresponds to the fact that αij for any i or j
= x is zero by symmetry. For the purpose of the calcula-
tion, we imagine the experiment in which an electric-field
is applied and the resulting change in magnetization is
measured.
With the application of an electric field along the y
direction, symmetry dictates that only the Γ1 modes re-
spond, i.e., pn ·E = pn · yˆE 6= 0 for n ∈ Γ1. The induced
atomic displacements
uΓ1 =
∑
n∈Γ1
1
Cn
pnEyqˆn, (6)
5were frozen into the equilibrium structure and the change
in magnetization, which by symmetry is along the z direc-
tion, was calculated from first-principles. This procedure
was repeated for various magnitudes of the applied elec-
tric field. These results are shown in Figure 3(b)), the
slope of which gives the linear ME coupling αzy. We find
that the magnitude of αzy is 3.54x10
−4 g.u., which is 2-3
times larger than the transverse linear ME response of
the prototype ME compound Cr2O3 [28] at 0 K.
With the application of an electric field along the z
direction, symmetry dictates that only the Γ3 modes re-
spond, i.e., pn ·E = pn · zˆE 6= 0 for n ∈ Γ3. The induced
atomic displacements
uΓ3 =
∑
n∈Γ3
1
Cn
pnEzqˆn. (7)
can be calculated. Here we find that the corresponding
linear ME response (see Figure 3(b)), measured by the
component αyz is equal to 0.72x10
−4 g.u., much weaker
than αzy.
V. ELECTRONIC STRUCTURE
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FIG. 4. Calculated Density of States (DOS) for (a) LaFeO3,
(b) YFeO3 in Pbnm and (c) (La/Y)Fe2O6 in Pb21m symme-
try. For Fe+3 ions, we have used the on-site d − d Coulomb
interaction parameter U=6.0 eV and exchange interaction pa-
rameter J=1.0 eV.
We have been discussing an approach to create room
temperature linear magnetoelectrics by layering Pbnm
materials. From previous work, the robustness and uni-
versality of the polar ground state is clear. There are,
however, two important questions concerning the mag-
netic state that need to be addressed in order to support
the claim of room temperature magnetoelectricity.
The first concerns the type of antiferromagnetic or-
dering. As we discussed, we have found by direct first-
principles calculations that all of the superlattices we
considered order in a G-type pattern, which is required
to observe the ME physics. There is a simple reason
why this should be the case as the G-type antiferro-
magnetic ground state of the orthoferrites is driven by
the electronic configuration of the Fe+3 ion. As an ex-
ample, let us briefly discuss the basic electronic struc-
ture of Pbnm LaFeO3 and YFeO3 and the superlattice
made out of them i.e. (La/Y)Fe2O6 in Pb21m symme-
try. As shown in Figure 4(a) and (b), both LaFeO3 and
YFeO3 are charge transfer insulators. The valence band
is formed by majority Fe-3d states and O-2p states, while
the minority Fe-3d states are completely empty and form
the conduction band. Due to the d5 electronic configu-
ration only antiferromagnetic superexchange interactions
between Fe+3 ions via single O-2p orbitals are allowed.
The ferromagnetic contribution involving two perpendic-
ular 2p orbitals is negligibly small as the Fe-O-Fe bond
angle is close to 180◦. Therefore, the G-type AFM con-
figuration is universal for LnFeO3 systems. We have
found that the layered arrangement of La/Y cations re-
sults in negligible changes to the basic electronic struc-
ture of the energy level positioning and band width (see
Figure 4(c)). We therefore expect that the major compo-
nent of Fe spins in the ground state of the (La/Y)Fe2O6
superlattice will be G-type (it is important to note that
the G-type AFM configuration in Pb21m, with the mag-
netic anisotropy along any crystallographic axis, allows
linear ME coupling).
VI. ORDERING TEMPERATURE
The second important question that needs to be ad-
dressed is whether or not we expect the spins to or-
der at room temperature. A relatively straightforward
mean field approach to calculating the Ne´el temperature
(TN ) involves mapping total energy calculations onto a
Heisenberg model, from which the magnetic exchange
interactions, Jij , can be extracted. Unfortunately, it
is well know that the results obtained through this ap-
proach depend sensitively on the particular value of Hub-
bard U. Here we can take advantage of the fact that
the experimental values of TN are known for the per-
ovskite constituents of our superlattices. Table1, shows
the calculated values of TN for LaFeO3, YFeO3, and the
(La/Y)Fe2O6 superlattice for a fixed value of U, consid-
ering up to the third nearest neighbor exchange interac-
tions. There are a few things to note. We found that the
dominant interaction is only between nearest neighbor
(nn) spins (the interaction pathways are shown in Fig-
ure 5) and the average nn exchange interaction (Javgnn ) of
(La/Y)Fe2O6 is almost equal in value to that of LaFeO3.
Additionally, when compared to the experimental values,
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FIG. 5. Exchange Interactions pathways, Jabnn implies near-
est neighbor Fe-Fe interactions (Fe- Fe distance 3.85 A˚ in ab
plane) mediated by planer Oxygen (Opl), whereas J
c
nn im-
plies nearest neighbor Fe-Fe interactions (Fe-Fe distance 3.76
A˚ along c-axis) mediated by apical Oxygen (Oap).
TABLE I. Computed superexchange constants (Jij) and mean
field estimated magnetic transition temperature. Jabnn and
Jcnn represent nearest neighbor Fe-Fe interaction mediated via
planner and apical oxygen, respectively. The average interac-
tion is given by Javgnn = (4× Jabnn + 2× Jcnn)/6. See Figure 5).
System Jabnn J
c
nn J
avg
nn TN (K)
Computed Experiment
LaFeO3 5.81 5.20 5.61 1139 740 [25]
YFeO3 5.20 4.51 4.97 1009 655 [25]
(La/Y)Fe2O6 5.60 5.30 5.50 1117 –
our calculations generally overestimated TN , however,
the calculated ratio of TLaFeO3N and T
Y FeO3
N is in good
agreement with the ratio of the measured values. Given
this fact, the TN of (La/Y)Fe2O6 superlattice is expected
to be close to the magnetic transition temperature of
LaFeO3 (∼ 740K). For the other (La/Ln) superlattices,
we have also calculated the corresponding TN and found
that for all the cases it is around the TN of LaFeO3. This
leads us to propose that these superlattices are expected
to order magnetically above room temperature.
VII. CONCLUSION
We have used first-principles calculations to identify a
family of (La/Ln)Fe2O6 superlattices that may display
a strong linear magnetoelectric effect at room tempera-
ture. Although the magnetoelectricity is ferroelectrically
induced, polarization switching is not required to observe
the effects studied here. An advantage of the superlat-
tice approach is the possibility for additional functional-
ity over that of the strain-induced approach due to the
natural, non-trivial coupling of the polar, magnetic and
rotation domains within the hybrid improper mechanism.
Although the (1/1) materials will be challenging to syn-
thesize, even as thin-films, similar results should be ob-
served for any (LaFeO3)n/(LnFeO3)m superlattice when
both n and m are odd [20, 22].
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